The phytohormone auxin is involved in virtually every aspect of plant growth and development. Through polar auxin transport, auxin gradients can be established, which then direct plant differentiation and growth. Shade avoidance responses are wellknown processes that require polar auxin transport. In this study, we have identified a mutant, shade avoidance 4 (sav4), defective in shade-induced hypocotyl elongation and basipetal auxin transport. SAV4 encodes an unknown protein with armadillo repeatand tetratricopeptide repeat-like domains known to provide protein-protein interaction surfaces. C terminally yellow fluorescent protein-tagged SAV4 localizes to both the plasma membrane and the nucleus. Membrane-localized SAV4 displays a polar association with the shootward plasma membrane domain in hypocotyl and root cells, which appears to be necessary for its function in hypocotyl elongation. Cotransfection of SAV4 and ATP-binding cassette B1 (ABCB1) auxin transporter in tobacco (Nicotiana benthamiana) revealed that SAV4 blocks ABCB1-mediated auxin efflux. We thus propose that polarly localized SAV4 acts to inhibit ABCB-mediated auxin efflux toward shoots and facilitates the establishment of proper auxin gradients.
The phytohormone auxin controls almost every aspect of plant growth and development, ranging from embryogenesis to organogenesis and tropic responses (Vieten et al., 2007; Petrasek and Friml, 2009; Vanneste and Friml, 2009 ). Formation of an auxin gradient within the plant is determined by both local auxin biosynthesis and conjugation/degradation as well as directional cell-to-cell transport system (Vieten et al., 2007; Mashiguchi et al., 2011; Pencík et al., 2013; Zheng et al., 2016) . This system, called polar auxin transport, is composed of auxin transport proteins, including the AUXIN RESISTANT1/LIKE-AUXIN RESISTANT1 family of influx carriers Swarup and Péret, 2012) , the PIN-FORMED (PIN), and some members of the ATP-binding cassette B type/ PHOSPHOGLYCOPROTEIN (ABCB/PGP) families of efflux facilitators (Müller et al., 1998; Friml et al., 2002; Geisler et al., 2005; Blakeslee et al., 2007) . Among them, polarly localized PINs play a major role in determining the directionality of auxin flow, thus leading to the accumulation of auxin in some tissues and organs (Petrásek et al., 2006; Wisniewska et al., 2006) . This auxin gradient plays an important role in plant development and enables plants to adjust their development, architecture and growth in response to changes in their local environment.
Under vegetative shade, shade-intolerant species, such as Arabidopsis (Arabidopsis thaliana), respond by a series of morphological changes, including stem and petiole elongation, leaf hyponasty and retarded leaf development, which are collectively referred to as the shade avoidance syndrome (SAS; Franklin and Whitelam, 2005; Casal, 2013; Hersch et al., 2014) . Reduction in the red:far-red light (R:FR) ratio is the most efficient signal to induce the SAS and can be used to mimic canopy shade in experimental settings (Cole et al., 2011) . The rapid elongation of stems and petioles are the most prominent SAS responses, through which the shaded plants attempt to outgrow their competitors and secure the photosynthetic organs to light capture. Accumulating evidences point to auxin as a key regulator of the SAS, as mutants defective in auxin biosynthesis (Trp aminotransferase of Arabidopsis/sav3 [taa1/sav3]), transport (pin3), or signaling (tir1) are defective in shade-induced hypocotyl elongation (Tao et al., 2008; Keuskamp et al., 2010) . It was proposed that low R:FR signal induces auxin biosynthesis in cotyledons and emerging young leaves, which is then transported to the hypocotyls to promote hypocotyl elongation (Tao et al., 2008) . Shade will induce the relocation of PIN3 from the basal end to the lateral side of the endodermal cells, thus redirecting auxin toward the epidermal cell layers and promoting cell elongation (Morelli and Ruberti, 2000; Keuskamp et al., 2010) . Within the hypocotyl, the epidermis is most efficient in driving or restricting hypocotyl growth (Savaldi-Goldstein et al., 2007; Procko et al., 2016; Zheng et al., 2016) . PIN3 is a key auxin transporter mediating low R:FR-induced hypocotyl elongation, but it remains poorly understood how PIN3 is repolarized in response to the low R:FR signal in shaded plants (Keuskamp et al., 2010) .
Previous studies have revealed that regulation of auxin transporters occurs at multiple levels. First, phosphorylation was proposed to modulate the polar targeting or transporter activity of PIN proteins (Friml et al., 2004; Zourelidou et al., 2014) . The AGCVIII kinases PINOID (PID), WAG1, and WAG2 could instruct recruitment of PINs into the apical recycling pathway by phosphorylating serines in three conserved TPRXS (N/S) motifs within the PINs' cytoplasmic loop (Dhonukshe et al., 2010; Huang et al., 2010) . Overexpression of PID, which presumably enhanced PIN phosphorylation, causes a rootward-to-shootward PIN polarity shift, leading to auxin depletion from the root meristem and resulting in root meristem collapse (Friml et al., 2004) . On the contrary, phenotypes of pid loss-of-function mutant may be explained by a shootward-to-rootward shift in PIN polarity, causing developmental defects in embryos as well as impaired shoot and inflorescence differentiation (Benjamins et al., 2001; Friml et al., 2004) .
Besides the proposed role of PID in controlling PIN polarity, PID and the related WAG2 also activate PINmediated auxin transport when tested in heterologous systems . This activity was uncovered during studies of D6 PROTEIN KINASEs (D6PKs), which belong to a subgroup of AGCVIII kinases. D6PKs can directly phosphorylate PINs and increase their auxin transport activity (Zourelidou et al., 2009 Willige et al., 2013) . Consequently, d6pk mutants showed defects in auxin transport when examined in shoots and hypocotyls and defects in hypocotyl gravitropic and phototropic bending (Willige et al., 2013; Barbosa et al., 2014; Zourelidou et al., 2014) . Interestingly, D6PKs and PID have different phosphosite preferences for an overlapping set of PIN phosphosites. These results indicate that phosphorylation of PINs is regulated by multiple kinases, and the phosphorylation of a specific site(s) may affect PIN polarity and/or activity . Recent results suggested that ABCB1 and ABCB19 are phosphorylated by PID and PHOTOTROPIN1 (PHOT1), respectively, which directly influence their auxin-efflux transporter activity (Christie et al., 2011; Henrichs et al., 2012) .
Interactions between transporters represent an additional layer of auxin transport regulation. Blakeslee et al. (2007) reported that ABCB1/PGP1 and ABCB19/ PGP19 physically interact with PINs, and these interactions appear to enhance the auxin transport activity and substrate/inhibitor specificities in a heterologous yeast system. abcb19 and abcb1 abcb19 mutants exhibited significantly reduced rootward auxin flow in both the hypocotyls and inflorescence stems (Noh et al., 2001) . Further studies revealed that ABCB19 stabilizes PIN1 at the plasma membrane so as to coordinately regulate auxin efflux (Titapiwatanakun et al., 2009) . Thus, the formation of an auxin gradient is achieved through regulations of the subcellular localization and activity of auxin transporters by means of protein modification and/or interactions with other proteins.
In this study, we identify and characterize SAV4 as a novel regulator of shade avoidance. We show that mutation in SAV4 leads to defects in shade-induced hypocotyl elongation and basipetal auxin transport. Cotransfection of SAV4 and ABCB1 in tobacco (Nicotiana benthamiana) blocks ABCB1-mediated auxin efflux, confirming its role in modulating auxin transport. Membrane-localized SAV4 displays a strong association with the shootward plasma membrane domain in hypocotyl and root cells, which appears to be necessary for its function in the hypocotyl elongation. We propose that polarly localized SAV4 may inhibit shootward auxin flow by inhibiting ABCB1-mediated auxin efflux and thus maintain the net auxin flow toward roots.
RESULTS

Identification and Phenotypic Characterization of the sav4 Mutant
In a forward genetic screen, we identified shade avoidance (sav) mutants that were wild-type-like in continuous white light (Wc) but had shorter hypocotyls than the wild type in simulated shade (shade; R:FR ratio around 0.7; Tao et al., 2008) . Hypocotyls of sav4 were significantly shorter than those of the wild type in shade but were only slightly shorter than the wild type in dark (Fig. 1, A-C ). This suggested a specific role of SAV4 in shade-induced hypocotyl elongation.
Several phenotypic changes are associated with the shade avoidance responses, including petiole elongation, lamina growth reduction, and increased leaf hyponasty (Franklin and Whitelam, 2005) . We found that sav4 mutants had shorter petiole and larger lamina size compared with the wild type under both Wc and shade (Supplemental Fig. S1, A and B) . However, shade-induced leaf hyponasty was not affected in sav4, which was measured as the angle between the cotyledon-petiole and an artificial horizontal line drawn perpendicular to the hypocotyl (Supplemental Fig. S1C ). We thus conclude that SAV4 participates in some, but not all, shade avoidance responses.
Shade signal is perceived by photoreceptors such as phytochromes and cryptochromes, which then initiate a complex signaling cascade that modulates the architecture of plants to an ever-changing environment (Franklin and Whitelam, 2005; Casal, 2013) . To determine if SAV4 was required for light perception by a specific photoreceptor, we analyzed responses of sav4 to monochromatic light (red, far-red, and blue light). Our results revealed that sav4 was not defective in de-etiolation induced by the monochromatic light (Supplemental Fig. S1 , D-F), indicating that sav4 is normal in light perception.
In summary, SAV4 is specifically required for shadeinduced hypocotyl elongation, whereas its defects in petiole elongation and lamina growth seem to be independent of light conditions.
Map-Based Cloning of SAV4
sav4 behaved as a single recessive mutation as an F2 backcrossed population displayed a close to 3:1 phenotypic segregation under shade (287 long and 92 short hypocotyls, fitting an expected 3:1 ratio: x 2 = 0.744 , x 2 0.05 = 3.84, df = 1). Through map-based cloning, we mapped the mutation to a 25-kb region between markers T31P16 and F18D22 on chromosome 5 containing 11 annotated genes. Direct sequencing revealed a G to A mutation in At5G10200 that converts Trp-218 of the 631 amino acid long protein to a stop codon ( Fig.  2A) . A complementation test was performed by introducing a 5-kb genomic DNA fragment of the wild-type At5G10200 into the sav4 mutant. The transgene complemented the short hypocotyl phenotype of sav4 in shade (Fig. 2, B and C) , demonstrating that the phenotype of sav4 is due to the defective At5G10200 (SAV4) gene.
SAV4 contains a putative ARM repeat-and a TPRlike domain, both of which are often involved in protein-protein interactions and the assembly of multiprotein complexes. Results from a distance-based neighbor-joining phylogenetic analysis revealed that SAV4 shares high homology with maize GRMZM2G020409 and GRMZM2G057184 as well as the rice Os05G34820 (Fig. 2D ). However, nothing is known about the function of SAV4 and these apparent orthologs. There has been no report of a sav4 loss-offunction mutant and no T-DNA insertion mutant is available for this gene. The SUBA3 program (http:// suba.plantenergy.uwa.edu.au/) predicted that SAV4 would localize to the nucleus, while quantitative mass spectrometry data suggested a possible plasma membrane localization of SAV4 (Benschop et al., 2007) . Nonetheless, there is no putative hydrophobic transmembrane domain identified in SAV4.
Tissue-Specific Expression Patterns of SAV4
To investigate the expression pattern of SAV4, we generated SAV4::SAV4-GUS transgenic lines using the SAV4 promoter fragment and the genomic SAV4 fused in frame to the GUS reporter. The transgene complemented the sav4 hypocotyl phenotype in shade, indicating that it is functional (Supplemental Fig. S2A ). SAV4-GUS exhibited GUS activities throughout the seedling in both light and dark conditions. Strong expression was detected in the emerging leaf primordia and root apical meristems as well as in vascular tissues of the hypocotyls and leaf blades (Fig. 3, C and D) . GUS signal was visible in both stele and the endodermis (Fig.  3E) . SAV4 was also expressed in the pistils, the stamens, and the vasculature of petals and sepals (Fig. 3, F-H) . Taken together, SAV4 was shown to be predominantly expressed in young organs, elongating tissues and the vasculatures.
In view of the shade avoidance phenotypes of sav4, we also investigated whether the transcript level of SAV4 was altered in shade using quantitative real-time reverse transcriptase PCR (qRT-PCR). The results showed that SAV4 transcript level is relatively stable in response to shade, suggesting that SAV4 is not regulated at the transcriptional level during the shade avoidance response (Supplemental Fig. S2B ). 
SAV4 Exhibits a Dual Localization at the Plasma Membrane and the Nucleus
To further examine the subcellular localization of SAV4, SAV4::SAV4-YFP transgenic lines expressing a C-terminal yellow fluorescent protein (YFP)-fused SAV4 under the control of SAV4 promoter were generated. Recombinant SAV4-YFP was able to rescue the hypocotyl phenotype of sav4 in shade (Supplemental Fig. S2A ). Interestingly, SAV4-YFP was detected at the plasma membrane as well as in the nucleus (Fig. 4 , A-G). Membrane-localized SAV4 exhibited a polar localization in that it was predominately localized to the apical (shoot apical meristem-directed) side in most cell types examined (Fig. 4 , A-D; Supplemental Fig. S3 ). To confirm the plasma membrane localization of SAV4-YFP, a plasmolysis experiment was performed using roots of SAV4::SAV4-YFP. We found that SAV4-YFP colocalizes with the plasma membrane marker FM4-64 in plasmolyzed cells, supporting that SAV4-YFP is indeed associated with the plasma membrane (Fig. 4 , E and F). Nuclear localization of SAV4 was confirmed by colocalization with 49,6-diamino-phenylindole (DAPI) in the nucleus (Fig. 4G ). The subcellular localization of SAV4 suggests that it may be multifunctional. For example, it may influence gene expression in the nucleus and may affect auxin transport at the plasma membrane.
The dual localization of SAV4 prompted us to investigate whether specific regions of SAV4 define its distinct localization patterns. We expressed C-terminal YFP-tagged SAV4 N-/C-terminal domain (n/cSAV4-YFP) under control of the cauliflower mosaic virus 35S promoter (Supplemental Fig. S4A ). In the 35S::SAV4-YFP transgenic seedlings, SAV4-YFP retained the polar plasma membrane localization, but no signal could be detected in the nucleus (Supplemental Fig. S4 , B and E). Interestingly, nSAV4-YFP accumulated strongly in the nucleus (Supplemental Fig. S4 , C and F), while cSAV4-YFP signal was detected in the cytoplasm and the plasma membrane, albeit without polarity (Supplemental Fig. S4 , D and G). Results from the plasmolysis experiment confirmed that some of the cSAV4-YFP can still localize to the plasma membrane (Supplemental Fig. S4H ). These data indicate that the N-terminal region of SAV4 may contain sequences conferring nuclear localization, while both the N-and C-terminal fragments determine SAV4 polar distribution at the plasma membrane. Whereas the wild-type SAV4-YFP complemented the sav4 mutant, neither N-or C-terminal SAV4 rescued the short hypocotyl phenotype of sav4 in shade (Supplemental Fig.  S4I ). We thus concluded that both regions of SAV4 were essential for its function. Since SAV4 expressed in the 35S::SAV4-YFP line was only detected at the apical plasma membrane but not in the nucleus, we speculated that its localization at the plasma membrane makes major contribution to the function of SAV4 during the shade avoidance response.
To confirm the membrane localization of SAV4, we conducted subcellular fractionation experiments using 7-d-old light-grown SAV4::SAV4-YFP seedlings (Abas and Luschnig, 2010) . As shown in Figure 5A , SAV4 was detected both in the microsomal fraction and soluble fraction, suggesting that SAV4 was associated with membranes. To further determine whether SAV4 was a peripheral membrane protein, pellets of microsomal fractions were treated with detergent Triton X-100, alkali buffer (pH 11), or high concentrations of salt (1 M NaCl). SAV4 could only be released from the membranes by solubilization with 1% Triton X-100 (Fig. 5B) , indicating that the association between SAV4 and the membrane is rather strong.
The phenotype of the sav4 mutant may be explained by altered PIN function, and PIN2 localizes to the apical membrane of epidermal cells, particularly since other PINs preferentially localize to other sides of the plasma membrane in root cells. We therefore determined whether the plasma membrane localization of SAV4 was PIN2 dependent in a pin2 mutant background. However, we did not observe any differences in SAV4 distribution in the root epidermis cells when SAV4-YFP was expressed in pin2 (Supplemental Fig. S5 ).
Altogether, these results indicate that SAV4, despite of lacking a discernible membrane anchoring motif, is truly targeted to the plasma membrane, and it is predominantly targeted to the side facing toward the shoot apical plasma membrane in a PIN2-independent manner. 
SAV4 Is Required for Basipetal Auxin Transport in Hypocotyls
Auxin is a key phytohormone required for shadeinduced hypocotyl elongation (Steindler et al., 1999; Morelli and Ruberti, 2000) . To examine if sav4 was impaired in auxin biosynthesis, transport, or signaling, we tested the responses of sav4 to picloram, an auxin analog, which is known to effectively stimulate hypocotyl elongation (Sorin et al., 2005) . Two other previously identified sav mutants were included as controls: sav3-1/taa1 contains a mutation in the auxin biosynthetic gene TAA1 and sav1-1/dwf4 contains a mutation in the brassinosteroid biosynthesis gene DWARF4 (DWF4; Tao et al., 2008; Yu et al., 2015) . As shown in Figure 6A , picloram rescued the short hypocotyl phenotype of sav4 and sav3-1/taa1, but not that of the sav1-1/ dwf4, suggesting that sav4 may be defective in auxin biosynthesis or transport, but not in auxin signaling, and that auxin was indeed limiting for SAS in sav4. Since high temperatures can also promote hypocotyl elongation by increasing the level of endogenous free indole-3-acetic acid (IAA; Gray et al., 1998) , the response of sav4 to elevated temperatures was examined. As shown in Supplemental Figure S6A , sav4 was defective in high-temperature-induced hypocotyl elongation, confirming that sav4 is defective in the auxin pathway.
To directly examine whether the endogenous auxin level was altered in the sav4 mutant, levels of free IAA were measured in 6-d-old seedlings grown in Wc and shade (Supplemental Fig. S6B ). The results showed that free IAA levels of sav4 in both light conditions were comparable to those of the wild type, indicating that SAV4 may not be involved in IAA biosynthesis. Figure 5 . SAV4 protein is associated with the plasma membrane. A, Immunoblot analysis of SAV4 localization after cell fractionation of 7-d-old light-grown SAV4::SAV4-YFP seedlings. Microsomal (M) and soluble (S) fractions were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and subjected to western-blot analysis using a-GFP or a-Arabidopsis H + -ATPASE2 (AHA2) antibodies. CBB, Coomassie Brilliant Blue-stained gel. B, The microsomal fraction obtained in A was solubilized by treating with 1% Triton X-100, carbonate buffer (pH 11), or 1 M NaCl. SAV4 proteins that were remained in the microsomal parts or solubilized by the treatment were subjected to the immunoblot analysis. ) . B, Quantitative analysis of GUS activity in the cotyledon/leaf primordia and hypocotyl of sav4 and Col-0 transformed with the DR5::GUS reporter. Sixday-old seedlings were left in Wc or transferred to shade for 8 h (n = 3). C, Quantification of IAA19 expression in the hypocotyl using qRT-PCR. Relative expression level as compared to a reference gene (At1g13320) is shown (n = 3). D, Basipetal auxin transport measurements of 4-d-old dark-grown seedlings. NPA (100 mM) strongly reduced the IAA transport of the wild type. Mean values from at least 12 replicate samples were determined, and the experiment was repeated three times with reproducible results. Error bars represent the SEM. Student's t test, compared with the wild type unless indicated with brackets: *P , 0.01 and not significant (n.s.).
An auxin response-reporter line, DR5::GUS, is widely used to indirectly measure auxin distribution and responses (Sabatini et al., 1999; Aloni et al., 2003) . To examine whether auxin distribution was altered in sav4, we crossed DR5::GUS into sav4 and quantified GUS expression in cotyledons (including the two cotyledons and the first true leaf primordia) and hypocotyls. It was demonstrated that biosynthesis of auxin is enhanced in young leaves in response to shade and then transported to the hypocotyls, where it promotes hypocotyl elongation (Tao et al., 2008; Keuskamp et al., 2010) . Indeed, GUS activity increased in both cotyledons and hypocotyls of the wild type after 8 h of shade treatment. However, such an increase was only detected in the cotyledons of sav4, not in the hypocotyls ( Fig. 6B;  Supplemental Fig. S6C) . Furthermore, the expression of the GUS reporter in cotyledons was significantly higher in sav4 than in the wild type under both Wc and shade, suggesting that transport of auxin from the young leaves to the hypocotyls may be reduced under both conditions. To further verify this hypothesis, we quantified the expression of the auxin-and shade-induced IAA19 in hypocotyls using qRT-PCR (Keuskamp et al., 2010) . As shown in Figure 6C , the expression of IAA19 was strongly induced by shade in the wild type, while such induction was dramatically reduced in sav4. In the meantime, the expression of a shade marker gene, PIF3-LIKE1 (PIL1), whose transcript level increases markedly in response to shade (Salter et al., 2003) , was comparable between the wild type and sav4 (Supplemental Fig. S6D ). Together, these results indicate that phenotypes of sav4 in shade may result from defects in the auxin pathway, which is likely due to an impaired auxin transport, but not auxin biosynthesis.
To verify the role of SAV4 in auxin transport, we directly measured basipetal auxin transport in hypocotyls of etiolated seedlings (Willige et al., 2013) . In this assay, IAA transport in sav4 was reduced by 40% compared to that in the wild type (Fig. 6D) . Wild-type seedlings treated with the auxin transport inhibitor 1-N-naphthylphthalamic acid (NPA) also exhibited pronounced reduction in auxin transport, indicating that it was the active transport of IAA that was measured in our assay. We therefore conclude that SAV4 is indeed required for the basipetal auxin transport in hypocotyls.
To investigate whether SAV4 transcript abundance could be regulated by auxin, we examined the expression of SAV4 in response to auxins, including naphthylacetic acid, IAA, and 2,4-dichlorophenoxyacetic acid by qRT-PCR. As shown in Supplemental Figure  S2C , the expression of SAV4 was not significantly altered by these auxins, indicating that SAV4 transcription may not be regulated by auxin.
The Influence of SAV4 on PIN3
PIN3 is a key player in low R:FR-induced hypocotyl elongation (Keuskamp et al., 2010) . Transcription of PIN3 is elevated in shade in an auxin-dependent manner, suggesting there is a positive feedback loop on auxin transport during shade (Keuskamp et al., 2010) . We tested if SAV4 played a role in the regulation of PIN3 in shade. As shown in Figure 7A , shade-induced PIN3 expression was significantly reduced in sav4 compared to that in the wild type.
Subcellular localization of PIN3 is also changed from the basal end to the lateral side of the endodermal cells in the hypocotyl upon low R:FR treatment (Keuskamp et al., 2010) . We crossed sav4 with PIN3::PIN3-GFP and investigated if SAV4 was involved in shade-induced PIN3 repolarization (Zádniková et al., 2010) . As previously reported, we observed that PIN3-GFP localized to the basal membranes of the endodermal cells in Wc and repolarized to the lateral side upon shade treatment Figure 7 . PIN3 expression and PIN3-GFP localization in sav4. A, PIN3 gene expression in hypocotyls upon 3 h of shade treatment. Relative expression level is shown (n = 3). Error bars represent the SEM. B to E, Using PIN3::PIN3-GFP, the subcellular localization of PIN3 was visualized in the wild type (B and C) and sav4 (D and E). Six-day-old seedlings were transferred to shade (C and E) for 2 d and scanned by confocal microscope. The laser intensity was increased for obtaining a clear observation of seedlings grown in Wc (B and D). Arrows indicate localization of PIN3-GFP in the basal and lateral membranes of endodermal cells. Scale bar = 50 mm. (Fig. 7, B and C) . A similar pattern of PIN3-GFP repolarization occurred in sav4, although with an overall weaker fluorescence intensity in the vascular tissues (Fig. 7, D and E) .
Phosphorylation of PIN proteins affects PIN localization or transporter activity (Friml et al., 2004; Willige et al., 2013; Zourelidou et al., 2014) . To explore whether SAV4 influenced PIN3-mediated auxin transport directly, we examined the effects of SAV4 on PIN3 activation by D6PKs. SAV4 did not have any obvious effects on D6PK autophosphorylation or the transphosphorylation of PIN3 by D6PK (Supplemental Fig.  S7A ). Using a Xenopus oocyte system, we measured the influence of SAV4 on PIN3-mediated auxin transport and activation of PIN3 by D6PKs but found no significant effects (Supplemental Fig. S7B ). We also examined PIN3 protein in etiolated seedlings, where phosphorylated PIN3 can be visualized as a shifted band and did not find any changes in PIN3 modification (Supplemental Fig. S7C ). We thus concluded that SAV4 may not directly influence PIN3-mediated auxin efflux.
Taken together, these data suggest that defects of sav4 in shade may result partially from reduced expression of PIN3, but not from altered localization or transporter activity of PIN3. As the shade-induced PIN3 expression relies on the functional auxin pathway (Keuskamp et al., 2010) , the above results further support a critical role of SAV4 in the auxin pathway.
SAV4 Modulates Auxin Efflux by Inhibiting ABCB Proteins
To investigate if the ABCB family of auxin transporters is required for the shade avoidance response, we examined phenotypes of abcb1 and abcb19 mutants in shade. As shown in Figure 8A , hypocotyls of both abcb1 and abcb19 mutants are shorter than the wild type in shade. sav4 abcb1 or sav4 abcb19 double mutants had further reduced hypocotyl lengths than either of the single mutants in shade. These observations indicate that ABCB-mediated auxin transport is required for shade-induced hypocotyl elongation and that there may be functional redundancy between ABCB1 and 19 during the shade avoidance responses.
To examine whether SAV4 influences IAA efflux activities of ABCBs, we employed a heterologous tobacco protoplast system. Consistent with published data (Henrichs et al., 2012) , expression of ABCB1 and PIN1 effectively promoted IAA export from protoplasts Figure 8 . SAV4 inhibits ABCB1-mediated auxin efflux. A, Hypocotyl length of the wild type, sav4, abcb1, abcb19, sav4 abcb1, and sav4 abcb19 mutants in Wc or simulated shade. Error bars represent the SEM (n $ 20). Student's t test, compared with the wildtype Col-0 unless indicated with brackets: *P , 0.01. B, Cotransfection of tobacco protoplasts with SAV4 negatively regulates PIN1-and ABCB1-mediated auxin (IAA) export. Significant differences (unpaired t-test with Welch's correction; P-value , 0.01) to vector control or to experiments without SAV4 are indicated by * and **, respectively (n . 6). C, Model for the molecular mechanism of SAV4 in the local auxin distribution. PINs reside at the rootward polar plasma membrane domains, which determines the directionality of auxin flow. ABCBs that target to the plasma membrane in a nonpolar manner interact with PINs at the polar domain and contribute to generate an effective auxin stream from the shoot to the hypocotyl. Shootward-localized SAV4 is able to block ABCB-mediated auxin efflux, thus controlling the cellular auxin pool available for PIN-mediated polar auxin transport. In sav4, apical ABCB-mediated auxin efflux might be increased, which leads to a reduction in cellular auxin levels and decreased net basipetal auxin flow. (Fig. 8B) . Expression of SAV4 alone slightly inhibited IAA export, which suggests that it may inhibit endogenous transporter activities. Protoplasts transformed with both SAV4 and PIN1 exhibited reduced IAA export compared to those transformed with PIN1 alone, but export was still higher than those transformed with SAV4 alone. Furthermore, the reduction level was comparable to that observed when protoplasts were transformed with or without SAV4. Thus, SAV4 may have limited effects on PIN1-mediated auxin efflux. On the other hand, protoplasts transformed with SAV4 and ABCB1 exhibited significantly reduced IAA efflux compared to those transformed with ABCB1, which is comparable to those transformed with SAV4 alone. This result indicates that SAV4 inhibits ABCB1-mediated auxin efflux in the protoplast system. As SAV4 localizes to the apical side of the cell, we further hypothesize that mutation in SAV4 may affect acropetal auxin transport in hypocotyls. To test this idea, we measured acropetal auxin transport in hypocotyls. Compared to the wild type, acropetal transport of IAA and naphthylacetic acid increased significantly in the sav4 mutant, while mutation in ABCB or PIN3 had negligible effects on acropetal auxin transport (Supplemental Fig. S7D ). Increased acropetal auxin transport in sav4 hypocotyls is consistent with our hypothesis and verifies an inhibitory impact of SAV4 on ABCB transport activity found on the cellular level also in the tissue context.
DISCUSSION
SAV4 Is Required for Polar Auxin Transport
In this study, we identify SAV4 as a novel protein required for shade avoidance responses in Arabidopsis. We further present several lines of evidence to demonstrate a role for SAV4 in auxin transport and auxin transport-dependent growth during shade-induced hypocotyl elongation. sav4 was identified in a forward genetic screen as a mutant defective in shade-induced hypocotyl elongation. As sav4 was also impaired in the high temperature-induced hypocotyl elongation, a process that is specifically regulated by auxin (Gray et al., 1998) , we then focused on the role of SAV4 in the auxin pathway. Increased auxin biosynthesis, intact auxin signaling, and auxin transport are all required for shade-induced hypocotyl elongation (Tao et al., 2008; Keuskamp et al., 2010) . Our results showed that exogenous application of an auxin analog, picloram, could rescue the hypocotyl elongation defect of sav4 under shade, which led us to speculate that sav4 may be defective in auxin biosynthesis or transport, but not in auxin signaling (Fig. 6A) . Shade-induced rapid IAA biosynthesis was normal in sav4 mutant seedlings (Supplemental Fig. S6B ), suggesting that SAV4 may not be involved in IAA biosynthesis. To determine whether sav4 was defective in auxin transport, we examined the expression of both the auxin reporter gene DR5::GUS and the auxin-responsive gene IAA19 in hypocotyls.
Shade-induced expression of these genes was specifically reduced in hypocotyls of sav4 compared with those in the wild type (Fig. 6 , B and C; Supplemental  Fig. S6C ). Finally, results from direct measurement of basipetal auxin transport using dark-grown seedlings demonstrated that sav4 is defective in basipetal hypocotyl auxin transport in hypocotyls (Fig. 6D) . Together, these results indicate that SAV4 is required for proper auxin transport in hypocotyls.
SAV4 Is a Novel Regulator of Auxin Transport
sav4 contains a mutation in At5G10200 encoding a novel protein with no homology to any other protein of known function in Arabidopsis. Proteins sharing high homology with SAV4 can be found in Oryza sativa and Zea mays, implicating that SAV4 homologs are present in both dicots and monocots (Fig. 2D) . Results from the tissue-specific expression pattern analyses in lightgrown seedlings showed that SAV4 was not only highly expressed in hypocotyls, but also showed strong expression in emerging new leaves, root tips, carpels, sepals, filaments of the stamen, and the vascular tissues (Fig. 3) , suggesting that SAV4 may regulate auxin distribution in those tissues as well.
The SAV4-YFP fusion protein expressed from the SAV4 promoter localized to both the plasma membrane and the nucleus (Fig. 4) . Membrane-localized SAV4-YFP fluorescence displayed polar distribution at the apical plasma membrane. Cell fractionation experiments confirmed the membrane localization of SAV4 (Fig. 5) . Since no putative transmembrane domain can be predicted from the sequence analyses of SAV4 (http://ch.embnet.org/software/TMPRED_form.html), we performed a series of truncation analyses. The truncated SAV4 containing the N-terminal or C-terminal region was detected in the nucleus or the cytoplasm and the plasma membrane, respectively, indicating that both regions of SAV4 are essential for its polar plasma membrane localization (Supplemental Fig. S4, B2G ). Interestingly, SAV4-YFP expressed under the 35S promoter was only visible on the plasma membrane yet was able to rescue the short hypocotyl phenotype of sav4 in shade. Neither the nSAV4-YFP nor the cSAV4-YFP rescued sav4 (Supplemental Fig. S4I ), suggesting that polar plasma membrane-localized SAV4 may be critical for its function. Moreover, the fact that the polar targeting of SAV4 was retained in the pin2 epidermal root cells indicated that SAV4 does not achieve its polar localization through colocalizing with PIN.
Palmitoylation, known as S-acylation, involves the reversible addition of fatty acids to proteins, which increases their membrane association. Recently, palmitoylation has been demonstrated to be implicated in a multitude of cellular functions in plants, including vesicle trafficking, cell polarization, hormone signaling, and disease resistance (Hemsley, 2015) . For instance, ROP6 is a small G-protein involved in signal transduction and polarized growth. The activated (GTP-bound) and S-acylated ROP6 partitions into detergent-resistant membranes, whereas the inactive (GDP-bound), non-S-acylated form associates with the detergent-soluble membranes. This acylationdependent membrane localization is indispensable for ROP6 function (Sorek et al., 2007) . Using the CSSPalm program (http://csspalm.biocuckoo.org/index. php; Ren et al., 2008) , we found that SAV4 protein contains two Cys residues in the N-terminal region, which are predicted to be palmitoylated with a high score. Future research will have to uncover how SAV4 is targeted to different cellular compartments and whether the hypothetical acylation affects SAV4 localization and function.
Model of SAV4 in Establishing Proper Auxin Gradients
PIN3 plays a critical role in the auxin transport and hypocotyl elongation in low R:FR (Keuskamp et al., 2010) . To unravel how SAV4 participates in polar auxin transport, the abundance and localization of PIN3 was investigated. Although sav4 displayed a pronounced reduction in the transcript levels of PIN3, the repolarization of PIN3 seemed unaffected upon shade treatment. However, we cannot rule out the possibility that SAV4 mutation may alter the dynamics of PIN3 turnover or polarization in shade. Furthermore, SAV4 does not seem to directly affect the auxin transport activity of PIN3 (Supplemental Fig. S7B ). We thus speculate that SAV4 may not affect auxin transport by directly modulating PIN3-mediated auxin efflux. The decreased level of PIN3 transcript in sav4 may result from reduced auxin levels in hypocotyls of sav4.
ABCBs represent another subgroup of auxin transporters, and they are supposed to export auxin in a nonpolar manner because of their nonpolar cellular localization (Geisler et al., 2005; Mravec et al., 2008) . Considering that SAV4 and ABCB1 colocalize at the apical plasma membrane, we examined whether SAV4 influenced ABCB1-mediated auxin efflux. Coexpression of SAV4 and ABCB1 in tobacco protoplasts showed that ABCB1-mediated auxin efflux was dramatically reduced by SAV4. Furthermore, both sav4 and abcb mutants exhibited reduced basipetal auxin transport ( Fig. 6D ; Noh et al., 2001 ) and hypocotyl elongation defects under shade (Fig. 8A) . Therefore, we propose that in hypocotyls (Fig. 8C ), SAV4 inhibits ABCB-mediated auxin efflux at the apical membrane and, thus, controls the available cellular auxin for basipetal auxin transport. In the sav4 mutant, apical ABCB-mediated auxin efflux might be enhanced, which leads to a reduction in cellular auxin levels compared to the wild type and decreased net basipetal auxin flow as measured in the hypocotyl basipetal auxin transport experiment. According to this model, SAV4 would promote basipetal auxin transport by inhibiting acropetal ABCB1-mediated transport, and acropetal auxin transport in hypocotyls may increase in the sav4 mutant, which was indeed observed in the acropetal auxin transport assay (Supplemental Fig. S7D ).
It was recently shown that during hypocotyl phototropism, the photoreceptor kinase PHOT1 phosphorylates ABCB19 and inhibits its efflux activity, which consequently leads to a transient increase in auxin levels in the hypocotyl apex and allows auxin redistribution to the epidermis through PIN3-mediated auxin efflux (Christie et al., 2011) . The authors proposed that ABCB19 is required for long-distance auxin transport streams. It was suggested that during the shade avoidance response, auxin synthesized in cotyledons and young leaves was first transported to the hypocotyls and then redistributed to the epidermis through PIN3-mediated auxin efflux (Tao et al., 2008; Keuskamp et al., 2010) . Through analyzing the expression of DR5:: GUS, we observed that shade treatment significantly increased GUS expression in both vasculature and outer tissues of the hypocotyls, presumably the epidermis, while such enhanced expression was not seen in the sav4 mutant (Supplemental Fig. S6C ). Thus, although PHOT1 and SAV4 inhibit ABCB-mediated auxin efflux through different molecular mechanisms, they seem both to act in concert with PINs by modulating long-distance auxin transport streams.
SAV4 is predicted to harbor an ARM repeat-and a TPR-like domain, both of which are involved in proteinprotein interactions and assembly of multiprotein complexes. The FKBP42, TWISTED DWARF1, interacts with ABCB and ABCC transporters at the plasma membrane or the vacuolar membrane via its PPlase-like domain and TPR repeats, respectively (Geisler et al., 2003 (Geisler et al., , 2004 . This interaction was essential for maintaining ABCB-mediated long-distance auxin transport (Wang et al., 2013) . Although the underlying mechanisms of such regulations are unknown, these proteinprotein interactions may represent an additional level of regulation on auxin transport. Future studies will have to reveal how SAV4 interacts with ABCBs and whether SAV4 inhibits ABCB-mediated auxin efflux directly.
MATERIALS AND METHODS
Plant Materials and Growth Conditions
The transgenic lines and mutants used for crossing with sav4 were as follows: DR5::GUS (Sabatini et al., 1999) ; PIN3::PIN3-GFP (Zádniková et al., 2010); sav3-1 and sav1-1 (Tao et al., 2008) ; abcb1 (SALK_046440); and abcb19 (SALK_033455). To clear the genetic background, sav4 was backcrossed six times with the wildtype Col-0; only progenies of sav4 (B6F2) were used in the phenotypic analyses. For complementation experiments, the genomic SAV4 sequences, including 1.5 kb of upstream sequences and 900 bp of downstream sequences, were PCR amplified from the wild-type genomic DNA and cloned into the pJHA212K vector using BamHI and EcoRI sites. For the expression and localization analyses of SAV4, the 900 bp downstream sequences of genomic SAV4 DNA were cloned into the pJHA212K-GUS/YFP vectors using SalI/HindIII; then the genomic SAV4 DNA, including 1.5 kb of upstream sequences, was inserted using the BamHI/EcoRI sites. For the truncation analyses, full-length and truncated SAV4 cDNA were amplified from the wild-type cDNA library and then cloned into the pCHF3-YFP vector (CaMV 35S promoter). Primer sequences are provided in Supplemental Table S1 .
Seeds were usually surface-sterilized in ethanol and grown on half-strength Murashige and Skoog media with 0.8% agar, then stratified at 4°C for 3 d unless stated otherwise. All seedlings were grown in Wc at 22°C. 
RNA Isolation and qRT-PCR Analysis
Total RNAs were extracted following Roche TriPure RNA isolation protocol (www.roche-applied-science.com). One microgram of total RNAs were reverse transcribed using the First Strand cDNA Synthesis Kit (Thermo). qRT-PCR was performed using the SYBR green method with a Stratagene Mx3000P real-time system cycler (Agilent). A 40-cycle, three-step amplification protocol (10 s at 95°C, 20s at 60°C, and 25 s at 72°C) was used for all measurement. REF3 (At1g13320) was used as a reference gene (Czechowski et al., 2005) . Fold change was then calculated by setting the relative expression of the gene in Col-0 or untreated control samples to one (Zhang et al., 2016) . SE was calculated from three replicates. Primer sequences are provided in Supplemental  Table S1 .
Histochemical Assays and GUS Activity Measurement
GUS activity was detected by histological GUS staining method. Seedlings were fixed in 90% acetone for 15 min, washed twice with 100 mM Na-phosphate buffer, pH 7.2, and incubated overnight in staining solution [100 mM Na-phosphate buffer, pH 7.2, 2 mM K 4 Fe(CN) 6 , 2 mM K 3 Fe(CN) 6 , 0.1% (v/v) Triton X-100, 2 mM X-Gluc (5-bromo-4-chloro-3-indolyl b-D-glucoronide)]. Thereafter, seedlings were cleared in 70% ethanol and examined using the microscope (Leica DM2500).
For quantification of GUS activity, total proteins were prepared using the GUS extraction buffer (50 mM Na-phosphate buffer, pH 7.2,10 mM DTT, 10 mM EDTA, 0.1% sarcosyl, 0.1% Triton X-100). At least 15 mg of total proteins were used for GUS assay in solution containing the MUG (4-methylumbelliferylbeta-D-glucuronide, Sigma). After incubation at 37°C for 45 min, the reaction was stopped by adding 0.2 M Na 2 CO 3 and the amount of product was measured using a fluorometer (Cary Eclipse). Relative GUS activity was calculated by normalizing to the amount of total protein determined by the Bradford assay. Three biological replicates were included in each experiment.
Cell Biology
For subcellular localization analyses, 5-day-old light-grown and 2-day-old etiolated seedlings were used to visualize the localization of SAV4-YFP in the root tip and hypocotyl with confocal laser scanning microscopy (Zeiss LSM 780). FM4-64 (3 mM) was included to label the plasma membrane. DAPI (1-2 mg/mL) was used to label the nuclei. For the plasmolysis experiment, SAV4::SAV4-YFP plants were treated with either water (control) or 0.8 M mannitol for 10 min before analysis. To image the expression pattern of PIN3::PIN3-GFP in the hypocotyl, 6-d-old Wc-grown seedlings were transferred to shade for 2 d. Subsequently, confocal images were acquired from the middle-up hypocotyl region according to the methods described (Keuskamp et al., 2010) . Various confocal settings were set to record the emission of GFP (excitation at 488 nm; emission of 493-540 nm), YFP (excitation at 514 nm; emission of 520-560 nm), FM4-64 (excitation at 561 nm; emission of 580-660 nm), DAPI (excitation at 405 nm; emission of 410-470 nm), and the chlorophyll fluorescence (excitation at 561 nm; emission of 570-650 nm).
Protein Extraction and Immunoblotting
For the subcellular fractionation, materials from 7-d-old light-grown transgenic plants (SAV4::SAV4-YFP) were used to extract the soluble and microsomal fractions according to a method described by Abas and Luschnig (2010) . In brief, approximately 100 mg of fresh plant material was collected and frozen in liquid nitrogen. The frozen samples were homogenized in extraction buffer (100 mM Tris-HCl, pH 7.5, 0.81 M Suc, 5% glycerol, 10 mM EDTA, 10 mM EGTA, 5 mM KCl, 40 mM MG132, 1 mM PMSF, and complete EDTA-free protease inhibitor) and subjected to centrifugation (600 3 g, 3 min) at least two times. The cleared supernatants were diluted with water (make final Suc concentrations from 24%-27% to 12%-13%) and centrifuged at 21,000 3 g for 1.5 to 2 h in a refrigerated MCF (Eppendorf Centrifuge 5417R). The supernatant was carefully removed for analysis of the soluble fraction, and the microsomal pellets were washed with the wash buffer (20 mM Tris-HCl, pH 7.5, 5 mM EDTA, 5 mM EGTA, 1 mM PMSF, and complete EDTA-free protease inhibitor). Otherwise, the wash buffer was supplied with 1% Triton X-100, carbonate buffer (pH 11) or 1 M NaCl. The microsomal pellets were recentrifuged at 21,000 3 g for 45 min and finally were solubilized into 23 Laemmli buffer (125 mM Tris-HCl, pH 6.8, 20% glycerol, 4% SDS, 0.0005% bromophenol blue, and 1.4% b-mercaptoethanol). The proteins were subsequently separated on 10% SDS-PAGE and used for immunoblotting. Primary anti-GFP (1: 2000, Transgene), anti-AHA2 (1:1000, Agrisera), and secondary anti-mouse (1: 2000, Beyotime) antibodies were used.
Auxin Transport Measurement
For basipetal hypocotyl auxin transport measurements, we followed a previously published protocol (Willige et al., 2013) . In brief, 4-d-old etiolated seedlings grown vertically on square plates were transferred to new plates containing Parafilm strips and positioned such that 5 mm of the apical parts of the seedlings were on the Parafilm. Then a 0.5 mL droplet of [ 3 H]IAA solution (417 nM [ 3 H]IAA, 5 mM MES, 1% glycerol) was applied to the cotyledons of each seedling. NPA (100 mM) was included as the negative control. The plates were placed vertically in the dark for 6 h. After that, the part of each seedling below the apical 5-mm segments was dissected, and three seedlings were pooled together and measured in 3 mL QuicksafeA scintillation liquid in a liquid scintillation analyzer (Tri Carb 2100TR; Perkin-Elmer).
[ 3 H]IAA (20 Ci/ mmol) was purchased from American Radiolabeled Chemicals (ART 0340). The experiment was repeated three times with reproducible results, and one representative result was shown. IAA export from tobacco (Nicotiana benthamiana) protoplasts after Agrobacterium-mediated leaf transfection was analyzed as described previously (Henrichs et al., 2012) . Relative export from protoplasts was calculated from exported radioactivity as follows: (radioactivity in the protoplasts at time t = x min) 2 (radioactivity in the protoplasts at time t = 0) 3 (100%)/(radioactivity in the protoplasts at t = 0 min).
Phylogenetic Analysis
A neighbor joining phylogenetic tree depicting the relationship of SAV4 with orthologs in other plant species was drawn based on the alignment with MEGA.
Accession Numbers
Sequence data from this article can be found in the GenBank/EMBL data libraries under the following accession numbers: SAV4 (At5g10200), REF3 (At1g13320), IAA19 (At3g15540), PIN3 (At1g70940), PIN1 (At1g73590), PIL1 (At2g46970), SAV3 (At1g70560), SAV1 (At3g19820), D6PK (At5g55910), ABCB1 (At2g36910), and ABCB19 (At3g28860).
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